Four phenotypic xanthomonad groups have been identified that are pathogenic to pepper, tomato, or both hosts. These include groups A and C which are found in Xanthomonas axonopodis pv. vesicatoria, group B found in X. vesicatoria, and group D found in 'X. gardneri'. We present DNA:DNA hybridization data in which X. axonopodis pv. vesicatoria group A and C strains have less than 70% DNA relatedness with each other, with the type strain of X. axonopodis, and with the currently classified species within Xanthomonas and, therefore, should be removed from this species and given species status. We present information that the A strains most closely resemble the strains originally isolated by Doidge in 1921. In an attempt to avoid confusion in nomenclature as stated in Principle 1 of the Bacteriological Code, we propose that the A strains of X. axonopodis pv. vesicatoria be renamed as X. euvesicatoria (ATCC11633 T = NCPPB2968 T = ICMP 109 T = ICMP 98 T ). Use of the euvesicatoria epithet should be reserved for strains originally identified by Doidge, which she designated Bacterium vesicatorium (Ann. Appl. Biol. 7: 407-430, 1921) in the original description when she referred to those strains as being feebly amylolytic. The name X. perforans sp. nov. is proposed for the C group of strains previously designated as X. axonopodis pv. vesicatoria (ATCC BAA-983 T = NCPPB 4321 T ). We also propose that 'X. gardneri', which has less than 70% DNA relatedness with any of the Xanthomonas species and which has never had taxonomic status, be named X. gardneri (ATCC 19865 T = NCPPB 881 T ) to reflect the specific epithet proposed by Sutic [17] in 1957.
Introduction
Ethel M. Doidge [6] in South Africa originally identified the pathogen causing bacterial spot disease on tomato (Lycopersicum exculentum Mill.) as Bacterium vesicatorium. In the same year, Gardner and Kendrick [10] also identified a bacterium causing a leaf spot of tomato in Indiana, USA and proposed naming it Bacterium exitiosum. However, when they became aware of Doidge's designation of a similar bacterium on tomato in South Africa, they deferred to her designation because of an apparent similarity between the two organisms and her prior publication. Gardner and Kendrick [10] noted one major difference between the strains Doidge isolated and theirs: the bacterium isolated by Doidge [6] was feebly or non-amylolytic, whereas their strains were strongly amylolytic. At that time few techniques were available to differentiate bacteria and this difference was not considered important enough for designating the amylolytic strains as a different species. Both organisms were classified as X. vesicatoria and later as X. campestris pv vesicatoria [8] .
In the 1990s, Vauterin et al. [21] and Stall et al. [18] determined that two genetically and phenotypically distinct groups existed within X. campestris pv. vesicatoria; group A and group B. Bouzar et al. [2] confirmed that the A group strains were uniformly negative for starch hydrolysis and pectolytic activity while the B group consisted of strongly amylolytic and pectolytic strains (Table 1) . Based on DNA similarities [14, 18, 21] , it was evident that group A and B strains were not related at specieslevel. Vauterin et al. [22] proposed a reclassification of the xanthomonads and divided X. campestris pv. vesicatoria into two species, with the B strains being retained in X. vesicatoria and the A strains as a pathovar of X. axonopodis.
Bouzar et al. [2, 3] compared over 150 xanthomonad strains isolated from tomato and pepper and determined that the amylolytic strains found world-wide were members of the B group and were phenotypically distinct from A strains based on reaction patterns with a panel of monoclonal antibodies and the presence of a 25-to 27-kDa protein present in only B group strains (Table 1) . Strains from Indiana, including a very old strain identified in Indiana by Diachun in 1946 (i.e., ATCC11551), were strongly amylolytic and had other characteristics that identified them as B strains [2, 3] .
Two other xanthomonads have been isolated from tomato. The first was isolated in 1957 by Sutic [19] who identified a bacterium on tomato in Yugoslavia and named it Pseudomonas gardneri. Dye [7] compared this strain with a number of xanthomonads using standardized tests and concluded that P. gardneri was synonymous with X. vesicatoria since both caused disease on tomato and could not be distinguished in the laboratory or on the plant. The second was isolated in Florida in the United States in the early 1990s [15] . Jones et al. [14] characterized these two types of strains and determined that they were two additional groups, C and D, respectively. Group C strains originally identified by Jones et al. [15] were determined to be most closely related to the A group based on DNA-DNA hybridization and were thus placed within X. axonopodis pv. vesicatoria, whereas the D group strains originally identified by Sutic [19] were genetically distinct from the other xanthomonads associated with tomato [19] . The taxonomic position of the organism isolated by Sutic [19] has been very unclear. In Bergey's Manual of Systematic Bacteriology published in 1984 [5] , the bacterium was still referred to as P. gardneri. Based on the work of Dye [7] and more recently fatty acid analysis and carbon substrate utilization patterns [4] this organism is clearly a xanthomonad. Furthermore, sequence analysis of the 16S rRNA confirmed that this bacterium is phylogenetically closely related to the xanthomonads [14] .
In this study we present DNA homology data showing that four distinct Xanthomonas species cause bacterial diseases on pepper and tomato, recommend reclassification of X. axonopodis pv. vesicatoria in order to avoid confusion and properly designate the species as originally intended in 1921, and provide evidence for naming two new species that represent the C and D groups of xanthomonads associated with tomato.
Materials and Methods

Bacterial strains and storage
Seventeen Xanthomonas strains isolated from tomato and pepper and representing distinct phenotypic and genotypic Table 1 . Phenotypic groups of Xanthomonas species associated with tomato and pepper. Monoclonal antibody developed using X. c. vesicatoria strains that reacts in enzyme linked immunosorbent assay [4, 14] . 2 Protein patterns based on study by Bouzar et al. [2] . 3 Pulse field gel electrophoresis group (Jones et al [14] ). 4 + = starch hydrolysis and pectate hydrolysis visible in less than 2 day [2] . 5 Several strains from Mexico and Ohio, U.S.A. are positive for amylolytic activity [3] . groups were selected for characterization. The origin of the strains is described in Table 1 and their phenotypic traits are documented in Table 1 . Other strains used in this study included the type strains of X. albilineans, X. axonopodis, X campestris, X. fragariae, and X. oryzae. The strains were stored in 15% glycerol at -70 °C for long-term preservation.
DNA reassociation
The S 1 nuclease procedure for the free solution reassociation for DNA relatedness assays was used for DNA reassociation of selected strains (Tables 2 and 3 ) and is the most direct method for measuring heteroduplex formation as reviewed [11, 12, 13] . Although the relatedness values for the spectrophotometric method are similar to our modified S1 nuclease method [17] , they are not directly comparable [13] . A major advantage of the modified S1 nuclease method is that digestion and removal of non-annealed ssDNA allows direct observation of the remaining heterologous dsDNA while the spectrophotometric system relies upon an algorithm to determine the portion of the heterologous DNA among a mixture of double-stranded homologous DNAs and single stranded DNAs [12, 13] . All procedures, including DNA isolation, French pressure cell fragmentation of DNA, hybridization, and the S 1 nuclease assays, are detailed by Johnson [13] . One set of DNAs (Table 2 ) was labeled using 125 I [13] and the second set (Table 3 ) was labeled using 33 P [9, 17] . The probe and target DNAs were reassociated at 67 ± 0.5 °C for 24 h. With 22.7% formamide, this is equivalent to reassociation in the absence of formamide at 80.8 o C (= T m 95.8-15 °C for xanthomonad DNA at 63.6 to 64.1 G+C %; 5). Following reassociation, incubation with S 1 nuclease digests ssDNA strands, loops, and ends. Gamma or beta emissions from the remaining heteroduplex that has incorporated labeled DNA are estimated by gamma or scintillation counter, respectively, from washed precipitates on glass fiber filters. Percent heterologous reassociation was determined by comparing the radioactivity detected to that obtained from homologous reassociations. Values for both homologous and heterologous reassociations were corrected for nonspecific heteroduplex fomation by controls with salmon sperm ssDNA. Each reaction was repeated at least once. An average number was reported as % DNA relatedness.
Metabolic profiles
Pure cultures of selected strains were grown and tested for utilization of the 95 carbon sources available on the GN Microplate (Biolog Inc. Hayward, CA) as previously described [1, 4] . The carbon utilization patterns were read with a microplate reader and analyzed by a cluster analysis program provided by Biolog.
Results
DNA-DNA relatedness
In DNA-DNA relatedness studies, S 1 nuclease digestion of heterologous reassociated DNA with either 125 I-or 33 P-labeled DNA provided similar results (Tables 2 and 3) . Thirty strains of xanthomonads including single representatives of Group A, B, and D tomato and/or pepper pathogens were analyzed on a partial DNA-DNA relatedness matrix (Table 2) . At ≥70% DNA relatedness, 22 species level clusters were observed. At greater than 20% DNA relatedness, five clusters of xanthomonads containing 18 species-level groups were obvious. Four of these clusters were designated the Hyacinthi, Badri, Pisi, and Juglandis for the species or pathovar first described for each group. The fifth cluster was designated the Axonopodis Cluster because it contains only strains designated as pathovars of X. axonopodis [20] . Four specieslevel clusters were related by less than 20% to the other clusters; these strains represented X. albilineans, X. fragariae, X. campestris pv. campestris, and X. oryzae. Group A tomato/pepper pathogens sorted into the Axonopodis group but was distinct at the species-level (≥ 70% DNA relatedness) from the four other strains in that group. Group B tomato/pepper pathogens sorted into the Pisi (≥ 20% DNA relatedness) cluster of xanthomonads but were distinct at species-level (≥70% DNA relatedness) from X. pisi and X. sp. pv. eucalypti. Group C tomato/pepper pathogens sorted into the Juglandis (≥ 20% DNA relatedness) cluster of xanthomonads and were related at the species-level (≥ 70% DNA relatedness) with strains representing X. sp. pv. taraxaci and X. sp. pv. nigromaculans. In a second DNA relatedness study (Table 3) , the Group C tomato/pepper pathogen was analyzed among Group A, B, and C tomato/pepper pathogens and other strains representing selected species of xanthomonads. The Group C tomato/pepper pathogen was related at greater than 40% to Group A strains as well as to the X. axonopodis pathovars aurantifolia, citri, dieffenbachiae, and phaseoli (Table 2) indicating that they are part of the Axonopodis cluster of xanthomonads (see Table 2 ). Although Group A strains were related at species-level (≥70% DNA relatedness) to X. sp. pv. coriandri, they had less than 50% relatedness with the type strain of X. axonopodis pv. axonopodis, the Group C tomato/pepper pathogen, and to the X. axonopodis pathovars aurantifolia, citri, dieffenbachiae, and phaseoli. This confirms earlier results indicating low DNA relatedness between group A strains and X. axonopodis using the fluorometric method [14] . Group B and D tomato/pepper pathogens were less than 10% related to each other and to Group A and C pathogens ( Table 2) . The Group D pathogen sorted at species-level (≥ 70% DNA relatedness) with X. sp. pv. nigromaculans.
Discussion
Given that the strains originally identified by Gardner and Kendrick (1921) in Indiana were in all likelihood cosmopolitan B strains [4, 14, 18] and the fact that A group strains are not pathovars within X. axonopodis, that the latter strains should be elevated to species status based on the DNA-DNA hybridization data, and that the cosmopolitan feebly amylolytic A strains [2] in all likelihood represent the strains originally described as X. vesicatoria by Doidge [6] , elevation of the A strains to species and selection of a specific epithet is difficult given that X. vesicatoria is currently being used for the group B strains. The cosmopolitan A strains as characterized by Bouzar [2, 3] in all likelihood are the same as described by Doidge [6] and as such should be elevated to X. euvesicatoria to reflect Doidge's original description. Principle 1 of the Bacteriological Code [16] states that one of the es- Table 2 ) is boxed with single lines.
sential points in nomenclature is to avoid or reject the use of names, which may cause confusion. Considerable confusion would exist in using "vesicatoria" as a specific epithet for two separate species. Having two very different economically important plant pathogenic bacteria with the same name will certainly cause confusion for growers, plant pathologists, and government regulators. Furthermore, Rule 53 states that an epithet is illegitimate if it duplicates a specific or subspecific epithet previously validly published for a species or subspecies of the same genus, but which is a different bacterium whose name is based upon another type. Furthermore, with the A strains of X. campestris pv. vesicatoria not sharing 70% or greater DNA relatedness [20] with X. axonopodis nor any of the other accepted species within Xanthomonas (Table 2 and 3), we propose that this bacterium be elevated to species status and that the specific epithet be X. euvesicatoria while the B strains remain as X. vesicatoria as published by Vauterin et al. (1995) . The cosmopolitan B strains [2, 3] were in all likelihood originally isolated by Gardner and Kendrick [10] . This is further supported in that the oldest existing X. vesicatoria strain ATCC11633
T is from Indiana, the state where Gardner and Kendrick originally isolated the bacterium which they intended to name B. exitiosum. [10] . Gardner and Kendrick [10] were clearly working with a different species than Doidge [6] and thus the name should reflect Doidge's original intended designation. Rule 40b of the Bacteriological Code states that the specific epithet must be retained for the species or subspecies, which includes the type strain. Although it is evident that the type strain originally selected was improper in that it was typical of the B group (originally described by Gardner) and not a member of the A group which was originally identified by Doidge [6] , we will not recommend changing the specific epithet of X. vesicatoria. We recommend the use of euvesicatoria as the specific epithet for A group strains which were identified by Doidge [6] in her original description when she referred to those strains as being feebly amylolytic, a characteristic shared by the overwhelming majority of A strains and none of the B strains [2, 3] . We request that A group strains be designated X. euvesicatoria and that the type strain be designated ATCC 11633 T = NCPPB 2968 = ICMP 109 = ICMP 98 = LMG.
The C strain, XV938, also had less than 70% homology with the other xanthomonads associated with tomato and pepper in this study (Tables 2 and 3 ) and in a previous study [14] although in that study reciprocal hybridizations were not definitive. Furthermore, in this study the bacterium had less than 70% homology with the other Xanthomonas species tested. Although the bacterium had the highest homology with the group A strains, it was clearly less than the level for inclusion in the same species [20] . Therefore, we propose X. perforans as the specific epithet for this group of strains and that strains XV938 be designated as the type strain and is deposited in ATCC as and in NCPPB as. The specific epithet describes the symptoms associated with disease of tomato leaves by this bacterium in which holes develop in the leaf following lesion development.
The D strain, ATCC19865
T , also had less than 70% homology with the other xanthomonads associated with tomato and pepper in this study (Tables 2 and 3 ) and in a previous study [14] , and less than 70% homology with any of the other xanthomonads with the exception of X. campestris pv. nigromaculans and X. campestris pv. nigromaculans. Therefore, we propose to name the D strains X. gardneri using the specific epithet originally proposed by Sutic [19] . Although these strains are closely related to pv. nigromaculans and pv. taraxici, the three organisms will be considered in a later publication in terms of nomenclature. , 1921) [18, 21] . The description of X. euvesicatoria is the same as the genus. The strains are usually isolated from lesions on solanaceous plants, especially tomato (Lycoperiscon spp.) and pepper (Capsicum spp.). X. euvesicatoria may be distinguished from X. vesicatoria type B strains by DNA similarities [14, 18, 22 , and this paper) and five easily tested phenotypic traits: X. euvesicatoria is weakly amylolytic and pectolytic, has a distinct pattern of reaction to a panel of monoclonal antibodies, a distinct SDS Page profile, and does utilize cis-aconitic acid (Tables 1  and 4 Xanthomonas perforans (per.for.ans. L. noun that refers to the holes in the leaf following infection by the bacterium). The description of X. perforans is the same as the genus. The strains are usually isolated from lesions on tomato (Lycoperiscon spp.). X. perforans may be distinguished from X. vesicatoria and X. euvesicatoria strains by DNA similarities and five easily tested phenotypic traits (Table 1) : X. perforans is strongly amylolytic and pectolytic, has a distinct pattern of reaction to a panel of monoclonal antibodies, and a distinct SDS Page profile [15] . Furthermore, X. perforans utilizes all but two of the carbon sources listed in Table 4 . In contrast, strains representing X. euvesicatoria only weakly digest starch and pectic substrates, react differently to the panel of monoclonal antibodies, and lack a 25-to 27-kDa protein found in X. perforans. X. perforans strains differ from X. vesicatoria strains based on a differential reaction with monoclonal antibodies. X. perforans strains had metabolic activity on dextrin, The description of X. gardneri is the same as the genus. The strains are usually isolated from lesions on tomato (Lycoperiscon spp.). X. gardneri may be distinguished from X. euvesicatoria, X. perforans, and X. vesicatoria strains by DNA similarities and five easily tested phenotypic traits (Table 1) : X. gardneri is weakly amylolytic and pectolytic, has a distinct pattern of reaction to a panel of monoclonal antibodies, and a distinct SDS Page profile [2] . The bacterium, unlike the other xanthomonads associated with tomato, did not utilize any of the carbon sources listed in Table 4 
Species description of Xanthomonas euvesicatoria (ex Doidge
